The regulation of autumn leaf coloration in deciduous trees has long been an enigma. Due to the fact that different coloration phenotypes may be considered when planting, more understanding of the regulation mechanism is needed. In this study, a R2R3-MYB transcription factor gene LfMYB113 was identified from a subtropical deciduous tree species Formosan sweet gum (Liquidambar formosana Hance). The expression patterns of LfMYB113 in four selected phenotypes were different and were positively correlated with leaf anthocyanin content. In a 35S::LfMYB113 transgenic Nicotiana tabacum plant, both the early and late genes in the anthocyanin biosynthetic pathway were shown to be up-regulated. It was also shown that LfMYB113 can activate the promoter sequence of LfDFR1 and LfDFR2. Transient overexpression of LfMYB113 in Nicotiana benthamiana showed strong anthocyanin accumulation and pre-senescence; the latter was confirmed by up-regulation of senescence-associated genes. In addition, the activation of proLfSGR::YFP by LfMYB113 in transient experiments indicated that LfMYB113 may have a role in regulation of Chl degradation. To our knowledge, this is the first time a R2R3-MYB transcription factor has been functionally identified as one of the key regulators of autumn leaf coloration and autumn leaf senescence.
Introduction
Autumn leaf coloration is one of the most remarkable events in nature. The beauty of the autumn colors attracts many tourists and brings huge economic benefits (Lee 2002a) . Although it is known that the colors green, red and orange arise from Chl, anthocyanin and carotenoids (Ougham et al. 2005 , Schaberg et al. 2008 , the regulation of these colors in autumn leaf coloration has barely been mentioned. It was known that Chl degradation-induced leaf coloration is the mark of leaf senescence in Arabidopsis thaliana (Gepstein 2004) , but the colors which appear during in autumn leaf senescence are mainly due to the newly biosynthesized anthocyanins (Lee 2002a) . The Chl content is decreased and anthocyanin content is increased in Populus sp. when leaves undergo autumnal senescence (Keskitalo et al. 2005 ), marking the two major events of autumn leaf coloration (Ougham et al. 2005) .
In a previous study on Formosan sweet gum (Liquidambar formosana Hance) (Wen et al. 2015) , a putative link between autumn leaf senesce and leaf coloration was found. The prediction was made based on microarray data and it was analyzed in silico. Formosan sweet gum is a broadleaf deciduous tree species native to Southeast Asia, and the phenotype of its autumn leaf coloration pattern is diverse (Fig. 1) . Its long coloration season and the fact it is native to subtropical regions make Formosan sweet gum a species suitable for planting in cities, and also a species suitable as material for the study of autumn leaf coloration. With the help of gene co-expression network analysis, we have identified LfMYB113 as a putative regulator in Formosan sweet gum autumn leaf coloration which may regulate anthocyanin biosynthesis, but its function remains to be characterized.
As the contributor of different colors in vegetative and reproduction organs, the biosynthetic pathway of anthocyanin has been studied comprehensively (Winkel-Shirley 2001) , and an explicit model has been produced profiling, in particular, the regulation mechanism of anthocyanin biosynthesis on the transcriptional level in eudicots (Albert et al. 2014) . It was clear that there are a group of highly conserved R2R3-MYB genes which specifically regulate the biosynthesis of anthocyanins, but for most species these genes were studied in flowers or fruits, for example MYB110a in flowers of kiwiftuit (Actinidia sp.) (Fraser et al. 2013) and MdMYB10 in apple (Malus domestica) (Espley et al. 2007) . Also, whether a highly conserved gene family is species-specifically regulated is unknown. It is questionable whether a gene which usually regulates flower and fruit color has a role in autumn leaf senescence and coloration.
Here, the evidence for LfMYB113 as a positive regulator in the control of leaf anthocyanin accumulation is provided. First, the sequence of LfMYB113 was compared with that of the known anthocyanin-related MYB genes, and the conserved domains and motifs imply that it as an anthocyanin biosynthetic regulator. Secondly, the expression of LfMYB113 was observed in four phenotypes and showed strong correlation with anthocyanin content. Finally transient expression on Nicotiana benthamiana and stable transgenic Nicotiana tabacum plants illustrated the ability of LfMYB113 to promote anthocyanin biosynthetic genes, to activate at least one Chl degradation gene and to accelerate leaf senescence.
Results

Phenotypes of autumn leaf coloration in Formosan sweet gum
Formosan sweet gum is one of the species often used as roadside trees in Taiwan. In Taiwan, its leaves usually start to change color in late November or December and appear orange-red mottled, with the greatest part remaining green as Fig. 1a . In this study, this phenotype was named as 'common'. Some of the Formosan sweet gum show strong red to burgundy color in December to January (Fig. 1b) . This phenotype was named as 'red'. The other two types 'evergreen' and 'yellow' have rarely been found (Fig. 1c, d ). In brief, 'evergreen' does not show obvious coloration; the old leaves on 'evergreen' usually fall in spring when young leaves sprout. 'Yellow' can produce a golden color in October to December; when leaves become golden, they always fall within 1 week. The remaining green leaves which do not change color on 'yellow' will follow the same coloration pattern as 'common'. During the observation period, all the trees started sprouting in spring in March. Most of the leaves will fall in late January to February.
In 2012-2014, a sample tree of 'red' type clearly accumulated more anthocyanin compared with 'common', as shown in Fig. 2a and c. The anthocyanin content showed no obvious change in 'evergreen' (Fig. 2e) . The anthocyanin content dynamic of 'yellow' showed a pattern similar to 'common', but the amount was lower (Fig. 2g) . The Chl content dynamic patterns of the four trees in year 2012-2014 were similar, but the amount differed. 'Evergreen' and 'yellow' possessed more Chl in comparison with 'common', and 'red' had the minimal amount (Fig. 2b, d , f, h). The Chl content in 'yellow' also decreased more sharply than the others. The amounts of Chl in the four trees were all at a maximum around June, thus indicating that the time at which leaf senescence started was not different. In 'evergreen', the extent of the decrease in Chl content is the smallest of the four trees, which may imply a delay in leaf senescence.
Identification of LfMYB113 as an anthocyanin biosynthesis regulator
In an attempt to predict the regulatory role of LfMYB113, the amino acid sequence was aligned with that of all members of the MYB gene family from Arabidopsis. The outcome is illustrated as an unrooted phylogenetic tree, and LfMYB113 is in the same clade with AtMYB113/AtMYB75 (production of anthocyanin pigment 1, PAP1)/AtMYB75/AtMYB90/AtMYB113/ AtMYB114 (PAP2); the four MYB genes belong to subgroup 6 and specifically regulate the anthocyanin biosynthetic pathway in Arabidopsis (Fig. 3) (Dubos et al. 2010) . The full-length sequence of LfMYB113 includes 258 amino acids and has an anthocyanin-related conserved ANDV sequence (Lin-Wang et al. 2010) in position 96-99. The amino acid sequence showed 46% and 54% identities with AtMYB75 and AtMYB113, respectively. The genomic DNA (gDNA) sequence of LfMYB113 possess two introns; the first intron is 90 bp and the second is 1,773 bp. The length of the second intron of LfMYB113 resembles more that of MdMYB10 (2,995 bp) than that of AtMYB75 (89 bp). In an alignment with some of the functionally identified anthocyanin-related MYB genes from other species, it is shown that LfMYB113 possess the highly conserved R2 and R3 domains, which are responsible for DNA binding (Fig. 4) . The C-terminus is diverse between these genes, and they vary in length. Based on sequence identities and functional domains, LfMYB113 is identified as a R2R3-MYB transcription factor gene which may regulate anthocyanin biosynthesis. In the phylogenetic tree which includes anthocyanin-related MYB genes from other species, LfMYB113 was in the same clade with MYBs from woody plants, including VvMYB1a, MdMYB10 and CsRuby (Fig. 5) . This indicted that although Formosan sweet gum does not have colorful fruit, LfMYB113 indeed resembled the anthocyanin-related MYB function in colorful fruit.
To determine the differential expression of LfMYB113, the gene expression of LfMYB113 from 2012 to 2014 was illustrated by real-time PCR (Fig. 6) . In brief, gene expression of LfMYB113 in 'red' was up-regulated earlier and more strongly, and started around September. In 'evergreen' and 'yellow', the expression pattern throughout the year was similar to 'common' but the level was lower. The anthocyanin content and average gene expression of LfMYB113 in 'common' and 'yellow' showed high R 2 values, 0.94 and 0.96, respectively. In 'red' and 'evergreen', the R 2 regression values were 0.67 and 0.41; thus, the correlation in these two types was weak.
LfMYB113 regulates anthocyanin biosynthesis in transgenic N. tabacum
The regulatory role of LfMYB113 was further investigated in N. tabacum transgenic plants. There were 20 lines of transgenic plants generated for each construct, and three lines from each construct were analyzed. Compared with the wild type and vector control (Fig. 7a, b) , almost all the transgenic lines showed obvious red to purple anthocyanin accumulation in leaves ( Fig. 7c-h ). The anthocyanin content in lines LfMYB113-GUS C1, LfMYB113-GUS R10, LfMYB113-GUS G11, LfMYB113-His R3 and LfMYB113-His R10 were significantly higher than that of the vector control (Fig. 7i) . Individuals in line LfMYB113-His G2 showed variance, and the anthocyanin accumulation on leaves was of mottled appearance. The Chl content of the transgenic plants showed no signification difference from that of the vector control (Fig. 7j) .
In transgenic tobacco plants, the expression of LfMYB113 was significantly higher than that of the vector control (Fig. 8a) . The tobacco anthocyanin-related basi helix-loophelix (bHLH) transcription factor geness NtAn1a and NtAn1b were up-regulated by LfMYB113, but the tobacco endogenous MYB NtAn2 was not affected ( Fig. 8b-d ). NtPAL1 and NtPAL4 were both up-regulated (Fig. 8e, h ), although the expression of NtPAL4 in transgenic tobacco showed no significant difference compared with the control. NtPAL2 and NtPAL3 showed downregulation in LfMYB113-His lines (Fig. 8f, g ). Similarly to NtPAL2 and NtPAL3, the expression of Nt4CL in LfMYB113-His lines was down-regulated ( Fig. 8i) . Genes in the anthocyanin biosynthetic pathway were all up-regulated in transgenic plants ( Fig. 8j-p) ; the only exception was NtF3H in LfMYB113-His lines (Fig. 8l) . Although the fusion protein or tag affected the regulatory ability of LfMYB113, it is clear that overexpression of LfMYB113 strongly up-regulated the genes involved in anthocyanin regulation and the anthocyanin biosynthetic pathway.
LfMYB113 activates proLfDFR1 and proLfDFR2 in transient expression
The regulatory role of LfMYB113 in Formosan sweet gum was illustrated through Agrobacterium-mediated infiltration in leaves of N. benthamiana. As a putative rate-limiting enzyme in the anthocyanin biosynthetic pathway, the Formosan sweet gum dihydroflavonol 4-reductase (DFR) genes LfDFR1 and LfDFR2 were cloned, and the 3 kb promoter sequence was constructed in binary vector pBI121 with the YFP reporter gene. Three days after infiltration, the injected leaves showed no obvious signs of anthocyanin accumulation (Fig. 9a, d, g, j) , but the YFP (yellow fluorescent protein) fluorescent signal Dubos et al. (2010) . Gene members and accession numbers are illustrated in Supplementary Fig. S1 . indicated that proLfDFR1::YFP and proLfDFR2::YFP are activated by 35S::LfMYB113:His (Fig. 9b , e, k). Five days after infiltration, the red anthocyanin accumulation in leaves can be seen by eye (Fig. 9c , f, l) and lasts until the leaves start to senescence. As a control, the infiltration site of injection of proLfDFR2::YFP did not show a fluorescent signal (Fig. 9h) . This strongly suggests that LfMYB113 is a key regulator in anthocyanin biosynthesis in Formosan sweet gum autumn leaf coloration.
LfMYB113 accelerates leaf senescence when transiently expressed
The site of LfMYB113 overexpression was shown pre-senescence when compared with the control at the eighth day after injection (Fig. 10) , and the older leaves showed a stronger pre-senescence phenotype. Thus, in addition to having a role in up-regulation of anthocyanin biosynthesis, LfMYB113 may also have a role in accelerating leaf senescence. Three N. benthamiana leaf senescence-associated genes were cloned and the expression was observed by real-time PCR in LfMYB113-overexpressing infiltrated leaves. Eleven days after injection, when the expression of LfMYB113 decreased (Fig. 11a) , the expression of NbSAG12 was enhanced and became higher than that in the control (Fig. 11b) . NbSEN4 was enhanced around the seventh day; the highest expression level appeared earlier and stronger (Fig. 11c) . The expression of NbORE1 in the LfMYB113-overexpressing site and in the control was enhanced around the fifth day, but at the overexpression site the rate of increase is greater (Fig. 11d) . These result suggest that LfMYB113 has a role in promoting leaf senescence.
LfMYB113 activates proLfSGR in transient expression
As one of the key genes which participate in Chl degradation, LfSGR was also highlighted in the predicted autumn leaf senescence gene network in our previous study (Wen et al. 2015) . The two LfSGR candidates were confirmed to be two ends of the same gene, and the promoter sequence was constructed as proLfSGR::YFP. When infiltrated alone in N. benthamiana leaves, proLfSGR::YFP could not induce YFP signal (Fig. 12a, d ), but when co-injected with 35S::LfMYB113:His, the YFP signal was seen (Fig. 12b, c , e, f), thus suggesting a role for LfMYB113 in up-regulation of Chl degradation.
Discussion
Although autumn leaf coloration is a familiar natural event, knowledge of it is scarce. This may be because the autumn colors in temperate regions appear every year constantly and steadily. In subtropical regions, the adaptability to the environment can be varied and phenotypes in the same species can be diverse. Up-regulation of anthocyanin biosynthetic genes has been seen to be one of the adaptive factors in the greenhouse effect in Populus sp. (Tallis et al. 2010) . Thus knowledge of the regulation of autumn leaf coloration may also help in understanding the response of plants to climate change.
In a review, it was illustrated that autumn leaf coloration can be affected by ecology, evolutionary history and developmental constraints (Lee 2002b) . As roadside trees, the four sample trees in this study grow in similar conditions and the genetic difference may be the cause for their different performance. The phenotypes of red-fleshed and white-fleshed coloration in apple fruit (Malus Â domestica) are affected by the expression of MdMYB10 (Espley et al. 2007) , and these phenotypes can be distinguished in DNA sequence by PCR (Chagné et al. 2007 ). That mutation-induced expression of MYB genes affects phenotypes is also seen in grape (Vitis vinifera) and blood orange [Citrus sinensis (L.) Osbeck]; the sequence difference appear in promoters of the anthocyanin-related MYB genes (Kobayashi et al. 2004 , Butelli et al. 2012 ). In addition, it was also known that accumulation of anthocyanins is enhanced by high solar radiation and low temperature (Lee 2002b) . All these environmental factors affect the expression of anthocyaninrelated MYB genes (Vogt et al. 1999 , Xie et al. 2012 , and again highlight the importance of MYB genes in regulation of anthocyanins.
The function of anthocyanin-related MYB genes has been studied extensively, both in model plants (Gonzalez et al. 2008 , Albert et al. 2014 ) and in other species (Allan et al. 2008) . Apart from this, AtMYB75 has also been shown to regulate the biosynthesis of terpenoids (Zvi et al. 2012) . In a previous study we predicted LfMYB113 as a putative regulator in the autumn leaf senescence network (Wen et al. 2015) , and it was the first time a R2R3-MYB gene was identified to have a role in leaf senescence regulation. The network analysis is based on statistical analysis of gene expression correlation and it was shown that in spite of the sprouting leaves having a red coloration, the expression of LfMYB113 is indeed low when leaves are still young. This suggests that LfMYB113 specifically regulates anthocyanin production in autumn leaf senescence but not in sprouting leaf coloration.
It was illustrated that anthocyanin biosynthetic genes can be divided into early biosynthetic genes (EBGs) and late biosynthetic genes (LBGs), based on the regulation by MYBs (Gonzalez et al. 2008 ). The LBGs include DFR and anthocyanidin synthase (ANS), which are regulated by a MYB-, bHLH-and WD40-forming complex (MBW complex) (Gonzalez et al. 2008 ). Overexpression of LfMYB113 in transgenic tobacco plants induces the expression of anthocyanin regulatory genes (NtAn1a and NtAn1b), EBGs (NtCHS, NtCHI and NtF3H) and LBGs (NtF3 0 H, NtDFR, NtANS and NtUFGT) in this study. The division into EBGs and LBGs can vary in different organisms (Gonzalez et al. 2008) , and it is likely that the division can be influenced by the MYB genes. In the study of LcMYB1 of Litchi chinensis, overexpression of LcMYB1 in transgenic tobacco plants results in induction of expression of NtAn1b and LBGs (NtDFR, NtANS and NtUFGT) (Lai et al. 2014 ). The LcMYB1 transgenic tobacco plant showed accumulation of anthocyanin in leaves (Lai et al. 2014) . In contrast to this, in the study of Chinese bayberry (Myrica rubra), overexpression of MrMYB1 in transgenic tobacco plant does not show obvious anthocyanin accumulation in leaves (Liu et al. 2013 ). The induction of anthocyanin accumulation through transient expression in N. benthamiana needs co-expression with MrbHLH1 (Liu et al. 2013 ). In MrMYB1-and MrbHLH1-co-overexpressing transgenic tobacco plants, the expression of NtAn1b and both EBGs (NtCHS, NtCHI and NtF3H) and LBGs (NtDFR, NtANS and NtUFGT) is induced (Liu et al. 2013) . The ability of the MYB genes to regulate anthocyanin biosynthesis may be affected by their affinities for the bHLH partner in tobacco, and implies that there must be some difference behind the highly conserved sequence across species.
In addition to anthocyanin biosynthesis, Chl degradation also plays important roles in color change in autumn leaf coloration (Keskitalo et al. 2005 , Ougham et al. 2005 . SGR has been characterized as one of the regulators of Chl degradation in Arabidopsis (Park et al. 2007 , Aubry et al. 2008 , and recently is has been shown to be regulated by NAC016 in Arabidopsis (Sakuraba et al. 2016 ). In our previous study we predicted LfMYB113 as a regulator of LfSGR based on gene co-expression analysis. The ability of LfMYB113 to activate the promoter of LfSGR was confirmed in transient expression experiments and this is the first time a member of the MYB family was shown to have a possible role in activating Chl degradation. Because the YFP signal was weaker compared with that in activation of proLfDFR1::YFP, we speculated that although it is clear that LfMYB113 can promote the expression of LfSGR, the regulation of LfSGR can be indirect, and further confirmation is needed.
Autumn leaf senescence is one kind of leaf senescence, but whether the regulation is similar to that in monocarpic plants is unknown. MYB genes promoting senescence in whole plants or leaves in Arabidopsis have been investigated (Guo and Gan 2011, Zhang et al. 2011) , and recently the bHLH gene ANTHOCYANIN1 in Petunia hybrida which may form the MBW complex has been shown to have a role in determining flower longevity (Prinsi et al. 2016) . In addition to the role as a major regulator in leaf coloration, LfMYB113 was also shown to promote leaf senescence when transiently expressed in N. benthamiana. The accelerated leaf senescence phenotype was not found in transgenic tobacco plants and expression of the NtSAG12 gene did not show an effect ( Supplementary Fig. S2 ), although in some lines the plants had severe growth retardation. This possibly implies that LfMYB113 promoting senescence acts at a later developmental stage.
Conclusions
LfMYB113 was identified as one of the key regulators which has a role in autumn leaf coloration in Formosan sweet gum. It activates the expression of the Formosan sweet gum anthocyanin biosynthetic genes LfDFR1 and LfDFR2 and the Chl degradation gene LfSGR. It also positively regulates most of the anthocyanin biosynthetic genes in transgenic tobacco plants and transiently up-regulates leaf senescence genes in N. benthamiana. It is the first time that a member of the MYB gene family has been identified as a regulator of autumn leaf coloration and this may imply a link between autumn leaf senescence and coloration.
Materials and Methods
Plant materials
Leaves were collected from free-growing Formosan sweet gum on the campus of Taiwan National University, Taipei, Taiwan. Because the sample trees already showed reproductive maturity, they were considered to be >20 years old. Leaves were sampled from 5-8 twigs on different south-facing branches in the third or fourth week of the month in the growing season from March 2012 to December 2014. All leaves were sampled on sunny days. After the leaves were collected, they were immediately frozen in liquid nitrogen and stored at -80 C until use.
LfMYB113 identification
The LfMYB113 sequence was acquired from Contigviews web server (http:// contigviews.csbb.ntu.edu.tw) (Liu et al. 2014 ) in a previous study (Formosan sweet gum transcriptome contig series number: GR49959) (Wen et al. 2015) . (f) show the YFP signal of (a), (b) and (c). The photograph was taken on the third day after infiltration.
The full-length transcript was acquired by rapid amplification of cDNA ends (3 0 -RACE and 5 0 -RACE) (Invitrogen, Thermo Fisher Scientific), and verified by Phanta Super-Fidelity DNA polymerase (Vazyme). The sequences were cloned into the pGEM-T Easy vector (Promega) and sequenced.
Sequence aliment and phylogentic tree
The amino acid sequences of the Arabidopsis MYB family were acquired from TAIR (https://www.arabidopsis.org/). Amino acid sequences were aligned and a phylogenetic tree image was generate using MEGA 6 (Tamura et al. 2013 ). The Neighbor-Joining method was used and an unrooted tree was visualized. The alignment was visualized using GeneDoc software (Nicholas et al. 1996) .
Gene expression analysis
Total RNAs of the four sample trees were extracted using the Pine Tree Method (Chang et al. 1993) . In brief, 0.2 g of leaf sample was ground in liquid nitrogen and 2 ml of extraction buffer heated at 65 C was added. After two extractions by chloroform : isoamylalcohol (24 : 1) (Sigma-Aldrich), the supernatant was precipitated by LiCl at 4 C overnight and centrifuged the next day. The pellet was dissolved in nuclease-free water and the integrity was analyzed by formaldehyde-agarose gel electrophoresis. About 10 mg of the total RNA from each sample was treated by DNase I (Ambion, Life Technologies, Thermo Fisher Scientific) and followed by alcohol precipitation. For each set of samples (the same tree in the same year), 1-2.5 mg of purified RNA was used to synthesize first-strand cDNA with SuperScript III Reverse Transcriptase (Invitrogen, Thermo Fisher Scientific), and then subjected to 3 0 -RACE (Invitrogen, Thermo Fisher Scientific). In real-time PCR, the total volume for each reaction was 10 ml. A Formosan sweet gum actin gene LfActin2 (GenBank accession No. JX944783) was used as the control. The real-time PCR was done with Power SYBR Green Master Mix (Applied Biosystems), and the QuantStudio 12 K Flex Real-Time PCR System (Applied Biosystems) was used.
Construction of the promoter sequence of LfDFR1 and LfDFR2
The full length of LfDFR1 and LfDFR2 were acquired from the Contigviews web server (contig series Nos. GR352 and GR40622). The gDNA used for full-length sequence cloning was extracted using the Plant Genomic DNA Purification Kit (GeneMark). After the gDNA sequences were cloned, primers for genome walking (BD GenomeWalker Universal Kit, BD Biosciences) were designed according to the manufacturer's instructions to obtain the promoter sequences. The gDNA used in the genome walking experiment was extracted by the modified Pine Tree Method (Chang et al. 1993) ; for each sample, 1 g of the leaves were used and the same buffer as used for RNA extraction was employed. After two extractions by chloroform : isoamylalcohol (24 : 1), the supernatant was precipitated by an equal volume of ice-cold isopropanol then precipitated for at least 30 min at -20 C. The precipitate was then centrifuged for 10-15 min at maximum speed at 4 C, the supernatant was then discarded and the pellet was vacuum-dried. The pellet was then dissolved in 1 ml of SSTE (1.0 M NaCl, 0.5% SDS, 10 mM Tris-HCl pH 8.0, 1 mM EDTA), extracted with chloroform : isoamylalcohol (24 : 1) and treated with 50 mg of RNase A (Viogene). After extraction with chloroform : isoamylalcohol (24 : 1), the supernatant was subjeccted to alcohol precipitation and finally dissolved in sterized H 2 O. The promoter sequence was acquired as per the manufacturer's instructions, and finally amplified by Phanta Super-Fidelity DNA Polymerase (Vazyme), cloned into pGEM-T Easy vector (Promega) and sequenced. The full length of the LfDFR1, LfDFR2 and LfSGR gDNA sequence can be found under GenBank accession Nos. JX975398, KX902508 and KY198387.
A pair of primers with restriction enzyme cutting sites were designed for construction of the promoter sequence of LfDFR1 into a pBI121-YFP vector: 
Agroinfiltration experiment
Nicotiana benthamiana plants were sown on soil and transferred to 6 inch plots about 10 d after sowing. The plants were then grown in a mixture of soil : perlite : vermiculite = 3 : 1: 1 and the growth chamber was set to 25 C 16 h /23 C 8 h (day/night). Plants were infiltrated in the third week after sowing and the second to the fourth or fifth true leaves were used.
For agroinfiltration, the LfMYB113 sequence was cloned into pBCo-DC-YFP and pBI121. The method for cloning into pBI121 is described in 'Agrobacteriamediated tobacco transformation experiment'. For cloning into pBCo-DC-YFP, the sequence with a stop codon was first coning into pENTR (pENTR Directional TOPO Cloning Kits, Thermo Fisher Scientific), then the gateway system was used as described in Yang et al. (2015) .
Gene expression via agroinfiltration was according to Yang et al. (2015) . The A. tumefaciens ABI strain containing pBCo-LfMYB113 or pBA-YFP colonies was transferred into 3-5 ml of Luria-Bertani (LB) medium with 100 mg ml -1 spectinomycin, and 50 mg ml -1 kanamycin, incubated at 28 C and shaken at 240 r.p.m. overnight. When the A. tumefaciens GV3101 strain containing pBI121-GUS or pBI121-LfMYB113-His was used, the antibiotics were changed to 50 mg ml -1 gentamycin, 10 mg ml -1 rifampicin and 50 mg ml -1 kanamycin. A 100 ml aliquot of the incubated liquid was then transferred to 10 ml of LB medium containing 10 mM MES, pH 5.6, 40 mM acetosyringone (AS), 100 mg ml -1 spectinomycin and 50 mg ml -1 kanamycin, incubated at 28 C and shaken at 240 r.p.m. overnight. The A. tumefaciens was centrifuged, then re-suspended in infiltration buffer (10 mM MgCl 2 and 150 mM AS in sterilized H 2 O) and incubated at room temperature for 3 h before it was injected into N. benthamiana leaves. For observation of the induction of senescence-associated genes, the vector control and LfMYB113-His were injected on the same leaf separated by the midrib. Leaves were collected at the third, fifth, seventh, ninth, 11th and 13th days after infiltration; at each time point three infiltrated leaves were sampled and three plants were used as biological repeats (n = 3). The sampled leaves were frozen in liquid nitrogen and store at -80 C until use. Images of the leaves were observed under a Canon 350D camera equipped with X-Loupe Agile Lite Box.
In order to acquire the leaf senescence-associated genes, degenerate primers for NbSEN4 and NbORE1 were designed based on published leaf senescence-associated genes from Arabidopsis, AtSEN4 (NM_119173.3) and ORE1 (AT5G39610) and their homologs in tobacco, respectively. Primers for NbSAG12 cloning were designed based on the sequence of NtSAG12 (HQ108340.1) from tobacco. The full length of NbSEN4, NbORE1 and NbSAG12 can be found under GenBank accession Nos. KX990268, KX990269 and KX990270. The primers used in cloning and real-time PCR are listed in Supplementary Table S2 .
Agrobacteria-mediated tobacco transformation experiment
For construction of LfMYB113 into the binary vector pBI121, primers with a restriction enzyme cutting site or a His tag were designed as follows: GR49959 XbaI-F: 5 0 -TGC TCT AGA GCA ATG GAG GCT CCT TTA G-3 0 and GR49959 XmaI-R: 5 0 -CCC CCG GGG GGA TCA AAG CTT CCT G-3 0 or GR49959 HisSacI-R 5 0 -TCC GAG CTC GTT AGT GGT GAT GGT GAT GAT GGA TCA AAG CTT CCT G-3 0 . The insertion sequence was amplified from cloned pGEM-T Easy, digested with the appropriate restriction enzyme and gel purified before ligation (T4 DNA ligase, Promega). The methods for transformation into A. tumefaciens strain GV3010 and N. tabacum plants were according to web site protocols in The Transgenic Plant Core lab (Institute of Plant and Microbial Biology, Academia Sinica, Taiwan). An empty pBI121 vector was used as control. After transformion, the tobacco plants were transferred to Murashige and Skoog (MS) medium with 3% sucrose (250 mg ml -1 cefotaxime and 100 mg ml -1 kanamycin) and grown in 25 C with day and night set to 16 h/8 h. Two sets of tobacco plants were grown in MS medium without sucrose in order to exclude the effect of sucrose which may be a stress factor. The transgenic tobacco plants grew in MS medium without sucrose show growth retardation and are too small for further analysis, but the phenotype appears to resemble that of the plants which grew in medium with sucrose ( Supplementary Fig. S3 ).
Four plants from each transgenic line were chosen and analyzed separately as four biological repeats. The leaf samples were harvested on the 50th day after the axillary bud was transferred into a glass jar. A 0.4 g aliquot of leaf sample was ground while frozen and used in pigment quantification, gDNA PCR and RNA extraction for real-time PCR. The gDNA from each individual plant was extracted using the Plant Genomic DNA Purification Kit (GeneMark). The total RNA was extracted using the Plant RNA Purification Kit (GeneMark), treated with DNase I (ZGENE) using procedures described in the protocol. Purified total RNA was reverse-transcrbed to first-strand cDNA by SuperScript III Reverse Transcriptase (Invitrogen, Thermo Fisher Scientific) and subjected to 3 0 -RACE (Invitrogen, Thermo Fisher Scientific). The real-time PCR was done with Power SYBR Green Master Mix (Applied Biosystems), and the QuantStudio 12 K Flex Real-Time PCR System (Applied Biosystems) was used. The primer sequences are listed in Supplementary Table S1 . In brief, primer sequences of NtAn1a, NtAn1b, Nt4CL and NtAct were according to Lai et al. (2014) . Primer sequences of NtCHS, NtCHI, NtF3H, NtF3 0 H, NtDFR, NtANS and NtUFGT were according to Liu et al. (2013) . Primer sequences of NtPAL1 and NtPAL2 were according to Reichert et al. (2009) . Primers for NtAN2 (FJ472647.1), NtPAL3 (X78269.1), NtPAL4 (EU883670.1) and NtSAG12 (HQ108340.1) were designed in this study.
The pigment quantification method for tobacco plants is described below. The statistical analysis was calculated by Student's t-test, using Excel software (Microsoft).
Chl and anthocyanin quantification
Pigment quantification was according to Wen et al. (2015) . For Chl content measurement, 1 ml of 4 C acetone : H 2 O (4 : 1, v/v) was added to 0.1 g of frozen ground leaf sample, vortexed and incubated at -20 C for 1 h. After centrifugation at 5 min at maximum speed, the supernatant was transferred to a quartz 96-well plate (Hellma), and the absorbance was measured on an mQuant Universal Microplate Spectrophotometer (BioTek). For anthocyanin content measurement, 1 ml of HCl : H 2 O : MeOH (1 : 3 : 16, by vol.) at 4 C was added to 0.1 g of frozen groumd leaf sample, vortexed and incubated at 4 C with rotation for 2 h. The measurement equipment was the same as used for Chl content measurement.
Supplementary data
Supplementary data are available at PCP online.
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